-61- 



i€E£ jouRNAV OF soui>-srATE*aRajm, voi- 



SC-20. HO. I. ra^UARY 1985 



Development of the Self-Aligned;TitarWm 
Silicide Process for VLSI Applications 



«„rf.cturing •"'i^Hel^^S^illh etching 

w«tl polysn.con only f V^^^jSju^ s«k£firity 
«wreedrain junctipn deptte «_f**^^^r2Z^«Hll^ become 
,o the underfying gate oxMe. imd «r*^*^lf2^'3^«jisr.ed 
„K« critied. Thf stringent etd. i«ia«»»««S .« • 
with die s«a-4llgi|«l««B«W^.P;»«??- . .. o, ■ • • . .•.(.-.. . 



rr* H?USE OF*polyc»dc stodte islhts gate levd on.MOS 
T^IcLuts^i reiaiUy -attracted mu^ att«Uo^ 

IS^L^that the gate levd may be used as a low-«asU>n^ 
•^^nnect levd while the polyriUcoa in conUct vath the 
gat^xide aUows'traisistor device^perfonnance to 
that of oolYsilicon gate transistors 11], Pj-. . 

m sSS^ed ludde process siliddes the source-drm 
(S^S^otf and the polysilicon 8at« simulm^usl^ 
SloJngboth to be tised as interconnect levek Pl-161. In 
SS«s a atanium film is deposited after the gat^ and 
s!iy been fabricated and is sdectivdy reacted with 
Ae^^S^silicon regions to convert them to Utamum 
SScS: NUrogen is required m^e ^^um 
prevent the lateral diffusion of sdicon mto ^ ^^^^ 
Zr oxide regions 141. m.titaiuum reacu with the mtro- 



c« to form titanium nitride. ^^J^^^" flij?"^. 

using a SRAM dicuit ^-f^^ ^"^t^o^^i 

Oi-,.m ^'f-'fe^tSTof tSSrSTi^^Uan'excd- 
small physical ^^?°'°^°^ tiuimum silidde 

>^Sa'uiSoSr^^s^«^.^^^^ 

'*T£'^:i^gned p«>ces,.mast 
• into the overall process J^J^V^^^^iffts^f 

Sgh-t^s^^r IS^^ 

S^te^^e»°^4S^d^S 
Ihm. .Also. ^«<i-^;g^£S^oS^"1^^ ^ 

tionmustbeconsidered^wthatAe^?^:^^^^^ 
■ and metid to alidde contact '^^njf "^^.fcoin- 
,li Section II. ^^fTtf^i^^^^^^ 
pired to deposited siUade "^^^^^y^^o^ 
riven for it bang the more ^f'^^t^^^rcTiE^ 
. fncontamsaetaikof thesiUddep^J^V^ 



Manuscript 
with INMi 



sistor diaracteristics arc displayed m SecUon v, 
Sn Vi Sttures condusions and a du«uss«)n. ... 

II. CHOICE OF SiuabETkombLC^^^^ 
•m-sdf-alignedsiUddeproc^^^^ 

Mos.P.io»<!oJpnng,CO.^^^^^.^^^p^ a^ed siUdde is selectively formed^ongate^^^^^^^^ 

„^ns after they are f^b^^ted. m ~n^t^o 
siUddes. whid. -^i,«P''";ft l^'^S with etdi- 
to gate patterning. V °-, \ ^,c^e drcumvented 
ing siUdde/polysilicon (polyade) sudcs are arcu 



„ivn ii^»-*w-., j'D^Pr^S?'are with the Semiconducior Proc«s 

T. C Holloway and R. A. rSi^^]^ 75265. 

now •^Va'SS Micro Deiic«. San Antomo. TX 



0018-9200/85/0200-0061$01.00 ©1985 IEEE 

I t I II AKt 




62 



IEEE JOURNAL OF SOUD-STATC aRCUITS, VOL. SC-20. WO. 1, FEBRUARY 1985 



since, the siiicide is not formed until after the gate level is 
etched. This is a veiy important advantage because the etch 
requirements are difficult to meet for VLSLt>roducts with 
l-/yim gate lengths and 250*A gate oxide thu^esses. Gate 
etches must produce features very close to the same i^ze as 
the resist pattern and with a near. vertical profile without 
leaving residues or removing the thin gate oxide beneath 
the polysilicon. These requirements help ensure that line- 
width control tolerances can be met, that the self-aligned 
S-D implant is not masked by a gate edge with a negative 
slope and that the S-D regions are not etched or pitted. 
Many polydde etches are sensitive to siiicide stoichiome- 
tiy, purity, and microstructure as well as silictde-polysili- 
con interface cleanliness. This has made it difficult to 
develop silidde deposition and polydde etch processes 
which allow all of the etch requirements to be met With 
the self-aligned titanium siiicide process they are more 
easily satisfied since only a polysilicon film is etched. 

Deposition requirements are also easily met The rela- 
tively straightforward titanium deposition can be done 
with a readily obtained high-purity target In addition, if 
oxygen is incorporated in th& deposited film, it is expelled 
during silidde formation [10], [11]. Because of the high 
purity of silidde fihns formed with -this process, resistivity 
values in the reported bulk resistivity range, 13-16 /iQ^cm 
[12], can be achieved. Since titanium silidde has a lower 
resistivity than any of the other refractory metal siliddes, 
sheet resistances of 1-2. Q/square can be obtained. 

The sdf^aligned.process has been developed with future* 
. silidde requirements, as well^as manufacturability, in mind. 
CMOS, winch is likdy to become the dominant MOS VLSI 
technology, will require both low sheet resistance junctions 
and polysilicon gates. For CMOS with 2 /tm and below 
gate lengths the hig^-resistance ptS-D's should be sili- 
cided if the full performanice advantages of scaled p-chan- 
nel devices are to be realized. The high p* sheet resistinty, 
at —100 Q/square, limits, p-channel packing density for 
drivers^ prevents the p"**. jimctions from being used effi- 
ciently as uiterconnects, and results in high contact resis-: 
tancc [4], [8]. For VLSI scaled CMOS, die most important 
' application of silicides may be the siliddation of junctions 
since long distance interconnects will be implemented with 
a low-resisdvity metal where possible [9]. 

IIL Baseline SiLiciDE Process Details 

^After the heavily phosphorus-doped 4500-A polysilicon 
gate is etched, the self-aligned reachthrough implant is 
done, using the gate as an implant mask. The reachthrough 
implant forms a lightly doped drain extension (LDD) to 
minimize hot-electron effects. Then the gate sidewall oxide 
is formed by depositing ah LPCVD oxide and anisotropi- 
cally plasma etching it to leave filaments on the gate 
sidewalls. The sidewall oxide serves as an implant mask 
during the formation of the self-aligned S-D's and pre- 
vents the silidde from shorting gates and S-D*s together 
across the thin gate oxide. The exposed gate oxide is also 
removed during the sidewall oxide etch, leaving the gate 
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Fig. U Sclf-^Ugnedlitamttm-^Iiade process flow. 



and S-D regions free of oxide. Next, the S-D*s are im- 
planted, annealed, and then driven in. It is important t 
drive in the junctions so that the silidde does not penetrate 
them. (On devices with gate lengths greater than - 2 /im, 
the LDD is not required and the S-D implant can be done 
prior to sidewall oxide formation.) A MOS transistor struc- 
ture, just prior to siliddation, is shown in Fig. 1(a). 

The self-aligned siiicide process involves an HF deglaze, 
titanium deposition, titanium-silicon reaction, titanium 
nitride strip, and siiicide anneaL The HF dcghize is done 
immediately before the titanium deposition to ensure a 
clean interface and promote uniform reaction.* 900 A of 
titanium is deposited. A MOS Uansistor structure, after Ti 
deposition, is shown in Hg. 1(b). 

The titanium-silicon reaction is done in a furnace tube 
designed spedally to minimize oxygen, which readily reacts 
with titanium. The reaction temperature and time are 
critical parameters. The temperature must be "higji enough 
and the time long enough to obtain uniform and complete 
reaction. The upper limit for the reaction temperature is 
. 700^0, above which titanium reacts with oxide layers to 
form titanium oxides [13], which are extremdy difficult to 
remove. 

The reaction proceeds in an ambient which contains 
nitrogen, a key ingredient in this process. Nitrogen diffuses 
readily into titanium [14] and reacts with the Ti to form a 
TiN layer, as shown in Hg. 5. The TiN cffectivdy prevents 
silicon from diffusing laterally from the gate and junction 
regions into. the titanium over- oxide regions, which can 
.result .in the formation of siiicide films on top of the 
sidewall oxides which short the gates and junctions to- 
gether [4]. Following the reaction, titanium nitride and any 
unreacted titanium are removed with a standard sulfuric 
acid/hydrogen peroxide cleanup. 

The siiicide anneal is done in the same furnace tube in 
which the reaction is done. This process bdngs the sheet 
resistance down to its final value of 1.0-2.0 C/square. A 
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MOS transistor ^trpcture, after siUcidation, is shown in 
Fig. 1(c). 

An LPCVD pad oxide and a PSG or BPSG layer is 
deposited on ifp siUcide after formation. The m^tal-to- 
junctibn and ^eial-io-gale contacts are anisotropicaUy 
etched through Jthese layers, A rapid thermal anneal is thep 
done to reflow the PSG or BPSG. Prior tp.aluminum-sili. 
con deposition, an HF deglarc is done to cmsurc low and 
uniform contact resistance, 
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IV. Effects OF SiuciDE ON Device Parameters 
A: SiUdde Formation and Sheet Resistance 

Sheet resistance is the most important property of a 
siUdde film and is usuaUy the first that is optimized when 
a process U developed. It is influenced by subsuate type, 
substrate dopant species and concentration, cleanliness of 
the titanium-siUcon interface, titanium thickness and den- 
aty, titanium dqwsition conditions, reaction conditions, 
amiealing conditions, and degradation of the .fihn during 
subsequent processing. In practice, the siliddc sheet resis- 
tance can be controUcd by a suitable choice of titanium 
thickness and react conditions, v 

The sheet resistance of a self-aligned titanium silicide 
film is largely determined by tiie.tiuckness of tiie film, 
since resistivity variations are small with this process. Fig. 
2. The siUcide thickness is primarUy a function of the 
deposited titanium fihn thickness and density, provided 
that the reaction is suffident to allow complete reaction of 
the titanium film. When sputtered titanium is used, the 
silidde sheet resistance becomes more uniform as the reac- 
tion tends toward completion, as shown by the decreasing 
deviation Umits in Fig. 3. The reaction is complete when 



additional reaction time does not cause.the sheet i^istance 
after amieal to decrease further. Fig. 4. As expected, thidcer 
silidde fdms require longer reaction tunes. 

During tiie reaction. siUcon diffuses only part of tiie way 
tiiroughThc titanium film and, Uiercforc. docs not convert 
all of die titanium to siUdde. TTiis is due to die presence of 
nitrogen in tiie reaction ambient, which «us« two com^^^ 

ing reactions to proceed simultaneously. While sihwn dif- 
Z^ mo±e titiiium from tiie substratc ni^rogen dif «s« 
in from tiie surface and reacts widi the top layer .to fo m 
titanium nitride: The silidde and nitride layers grow 
ward each odier and nitride formation ceases when tiie two 
fronts meet. Fig. 5(a) and (b). Further ««f °« 
formation of stoichiometric T.Si„ tiiroughout the stiicide 
layer Fie. 5(c) and (d). Where titahium is present over 
oride re^ons, TiN U formed, preventing tiie formation of 
TiSi, very far beyond die borders of the gate and S-D 
regions. This prevents shorting between adjacent sihaded 
reSons since the conductive TiN fihn is removed dunng 
the sulfuric addAydrosen peroxide strip which , un- 
mediately foUqws the reaction. 
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Pig. 5. Auger depth profiles of aUddc films after reaction, and X-ray 

fmotoelectrbn spectroscopic (XPS) data taken for the surface Ti+N 
aycrs. The XPS was done with a K(sub alpha) X-ray source, (a) Before 
the reaction is completed a Ti + N film is present at the surface with 
tttanium-silidde beneath it. (b) XPS results indicate that the Ti + N 
layer is TIN. (c) Completing the reaction allows the formation of a 
more stotchiometric silidde layer, but does not cause the stable titanium 
nitride- film to grow further, (d) The surface film is. again confirmed to 
bcTiN. ■ 
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Fig. 6. RBS depth profile of a silidde fiUn after ahnieaL Atom fraction 
equals atomic iatio/(l + atoniic ratio). 
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Fig. 7. Auger depth profile of a silidde film after anneal, showing the 
surface ^con dioxide layer which is sooKtimcs seen. 

Although the silidde film is formed during the reaction 
step, it does not reach its lowest resistivity until after the 
anneal. The iresistinty is wdiin the bulk range (13-16 
O'cm [12]) after this step. RBS data indicate that the 
sUicidc is close to stoichiometric 11812.0, ^*g- 

Fig. 7 is an Auger depth profile of a titanium silicide 
film after anneal. An SiOj film can be seen at the surface. 
These Glms are typically 200-400 A' thick, as determined 
from RBS measurements. It is likely that the oxide film is 
the result of residual oxygen in the anneal furnace. No 
adverse effects have been attributed to the presence of this 
film. 

Fig. 8 shows that the films produced with this process 
have a peak to valley surface roughness of approximately 
300 A. It is believed that the native oxide film at the Ti-Si 
interface slows down the reaction and causes it to proceed 
in a somfcwhat nonimiform fashion, resulting in a rough 
surface. It is also suspected tiiat the roughness may alter 
the distribution of stress in the film. 

The effects of substrate doping on silidde sheet resis- 
tance after anneal are illustrated in Fig. 4. The reaction is 
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* Fig. 8. Surface roughness of a silidde fnm after aimeal, <a) on' S-D i 
(b) on gate. 
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Fig. 9. Sheet resistance dcaradalion during a 97S«C PSG rellow. It can 
be seen that there is no degradation for films with imtial sheet resis- 
tances less than 1.2 fl/square and that the degradation increases as the 
tnittai sheet resistance does. 



completed more quickly and results in lower sheet resis- 
tances on undoped single-crystal silicon than on heavily 
As-doped regions. This is probably because the reaction 
rate is lower on the doped sample. Intermediate sheet 
resistances are obtained on the P- and As-doped polysili- 
con gates. 

The titanium deposition process is the last factor to be 
discussed that affects the reaction. The difference in final 
sheet resistance for films formed with sputtered and 
evaporated titanium is shown in Fig. 3. The differences 
may be due to grain size, density, or film purity. This is an 
area that warrants further study. Although the differences 
in sheet resistance and uniformity are dramatic at 625** and 
650°C, they are not as great as 675**C 

The silicide sheet resitance may be degraded by 
processing after the anneal step. For example, the PSG 
reflow causes the sheet resistance to increase. The .increase 
is dependant on the silicide sheet resistance after anneal. 
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from SRAM material 



50 

40 

5 30 
lii 
u 
cc 

8! 20 















34SP0 


NTS 


il 


1... , . 


. . 1.1. (.^JU 


1 .i-i- 



0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
METAlrPOiyCIDE CONTACT RESISTIVmf bO-cm^l 




0.2 0.4 .0.6 0.8 1.0 1.2 1.4 
METAI/POLY CONTACT RESISTIVfTY (^-onZl 

Fig. 11. Histograms of contact resistivity. Data taken on contact chains 
from SRAM material %iih 2000 2 X 2 fim contacts. 

Fig. 9. Histograms show that sheet resistances in the range 
of 1.0-2.0 ft /square are obtained at final probe on SRAM 
material. Fig. 10. 

5. Contact Resistance 

. Metal-to-silicide coniaci resistivity for the self-aligned 
titanium silicide process is approximately an order of mag- 
nitude lower than that for rnetal to silicon contacts. Histo- 
grams of metal to polycide and metal to polysilicon contact 
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TABLEl 

Junction Leakage (nA/cm* ) as a Function of Siucioe 
Thickness and 97S*C S-D Diffusion Done Prior to SiuaoE 
Formation / 
(Slices which received less than a 20-min diffusion prior to being siliddcd 
- received a second diffusion after silidde formation so that the total 
diffuaon time was 20 min.) 
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resistivity ar^ compared in Fig. 11. The polysilicon used for 
both the polycide and Jhe polysilicon contact structures is 
0.S ftm thick and doped with phosphorus to 20 Q/square. 
Two . terminal resistance measurements were made on a 
large, number of contact chains, eadi having 2000, 2 X 2 /im 
contacts. After subtracting series sheet resistances, the con* 
tact resistivities were determined from the resistance of a 
contact of known size. Aa HF contact degiazc is done, 
prior to aluminum deposition, to ensure low and iiniform 
contact r^istance. 



TABLE n 

Effect of Siucioe Thickness on Junction Leakage 
(Totol difCusion time of 20 min at 975'C used on all splits.) 
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Diode Leakage 

Junction diode leakage is a concern since the S-D 
junctions ai^e partially converted to silidde in the selfr 
aligned process. In order to achieve good junction integrity, 
the S-D*s must be annealed and driven in prior to siiidde 
formation. Table I show$ the effects of S-D diffusion time 
and silicide thickness on junction leakage oirrcnts. Mea- 
surements y/ere made on a gated diode test structure with 
an S-D junction area of 2.27 E-4 cm\ The surface under 
the gate was accumulated. When a 5-min diffusion is done, 
silicides thicker than 1100 A cause gross leakage problems. 
Since it is known that arsenic does not significantly redis- 
tribute during titanium silidde reaction [15], the gross 
leakage problem may be due to differences in subsequent 
diffusion of arsenic frpm the titanium-silidde layer result- 
ing in shallower junction depths than if the arsenic is 
diffused before silicide formation. Hie lower leakages of 
the silicided junctions as compared to the unsilidded junc- 
tions may be due to impurity gettering taking place during 
silicide formation. For diffusions greater than 5 min, low 
leakage is exhibited with silicide films up to 1500 A thick. 

Because the gated diode structure does not have S-D 
junctions that extend to the field-oxide edge, a second 
structure which does, has also been characterized. This 
standard diode has an S-D junction area of 2.25 E-5 cm^ 
and an S-D to field perimeter of 4.8 E-2 cm. « 

On one batch of material, the effects of increasing the 
silicide thickness above 1500 A were examined. The data is 
displayed in Table II. Although the "background" leakage 
is higher than on other lots, no increase in leakage is seen 
for siliddes as thick as 2000 A. This is somewhat surprising 
since modeling indicates that the S-D junctions are only 
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Fig. 12. Histograms of diode leajcag^ Data taken on standard diodes 
from SRAM materiaL 



2000 A deep. It seems that the silidde thickness may 
dosely approadi the junction depth before leakage prob- 
lems are encountered. (Again, high leakage is seeti on the 
unsilicided coiitrol slices.) 

Histograms of junction leakage for silidded and unsili- 
dded slices are shown in Fig. 12. This data are taken from 
SRAM materiaL There is no sigmficant difference in 
leakage between the silicided junctions and the utisilidded 
junctions. The successful fabrication of VLSI circuits, which 
have 2.5 m of gate-to-S-D junction edge, is also a gpod' 
indication that there are no diode leakage problems associ- 
ated with junction siliddation. 

D, Gate Oxide Integrity and Gate -to- Junction Shorting 

• DaU from several batches of coihpletely processed 
material indicates that Ae GOI is excdleht on both sili- 
cided and unsilicided slices. Fig. 13. The test structure used 
contains 2.02 E-3-cm^ poly(cide) fingers on gate oxide. 
Between the fingers are (silidded) junctions regions. 
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Fig. 13. Histograms of GOI. Data taken on fingered capacitors from 
SRAM material. 



Titanium-silicide films have a high stress, which can 
result in gate oxide integrity failures [2], In Table III, it can 
be seen thai the unsilicided control slices and the slices 
which received the baseline silicide process have similar 
GOI. As the silicide thickness is increased and the poly- 
silicon thickness decreases, the GOI is compromised. Even 
for the thickest silicides, at 0,8 ft/square, gate-to-junction 
shorting across the sidewall oxide, however, is not ob- 
served. 



V. Transistor Characteristics 

Histograms of natural device threshold voltages and 
subthreshold slopes are shown in Figs. 14 and 15 for 
silicided and unsilicided slices. Table IV compares average 
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Fig. 15. Histograms of subthreshold slopes fram SRAM material. Data 
taken on natural tran»s(ors with vddtn/Ienglh ratios of U/1 firo. 



values of S-D scries resistance, threshold voltage, sub- 
threshold slope, and drive currents for natural transistors. 
Enhancement device !-V curves arc displayed in Fig. 16. 
As can be seen, there is very little difference between the 
silicided and unsilicided transistors. On the lest structure • 
characterized, (he drain current does not flow through an 
appreciable length of silicided S-D and most of the series 
resistance is due to the lightly doped drain extensions. 
Since the silicide primarily affects transistor performance 
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TABLE IV 

Effects of Si.uaoE on Characteristics of Natural 
ThANsisroRs WITH Width/Length Ratios of \{/\ /im 
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Fig. 16. 11/1 enhancemeat transistor /-K curves, horizontal. K> « 
0.5 V/div; vertical, /|, - 250 f* A/div; Vc - 03 V/stcp ( - 0.6 V); (a) 
silicided and (b) imsiiidded. 

by reducing the S-D series resistance, the advantages of 
siliciding are not realized on this particular structure. Any 
adverse effects of siliciding, however, would be apparent. 
Clearly, the silicide does not degrade transistor operation. 

VI. Conclusions and Discussion 

A self-aligned titanium silicide process, which simulta- 
neously silicides both polysilicon gate and S-D junction 
re^ons, has been demonstrated on NMOS VLSI parts of 
the 64K SRAM class of complexity. Sheet resistances of 
1.0-2.0 ft/square have been achieved. Comparison of yield 
data from devices fabricated with and without the silicida- 
tion process has demonstrated that the self-aligned silicide 
process does not degrade device yield. This process is also 
of great interest in CMOS technology, to reduce the high 
resistance of p"^ junctions, which will introduce scaling 
limitations if not silicided. 



The self-aligned litanium-silicide process was chosen 
because it has some very significant advantages over the 
more conventional deposited silicide on pblystlcon technol- 
ogies. In particular, all the problems associated with de- 
positing a silicide film and etching a polycide gate stack are 
circumvented since the silicide deposition is replaced with a 
titanium deposition and since the polycide etch is replaced 
with a much more straightforward polysilicon only etch. 
This process, also, produces films with lower resistivities 
than achievable with other refractory metal silicides and 
allows the S~D junctions to be silicided. 

Although it may be easier to produce structures with 
self-aligned silicides than structures with deposited sili- 
cides, it is more difficult to intc^tc the process into an 
existing device flow. It should be clear, from the results 
presented in this paper, that the effect of the silicide 
process on diode leakage, GOI, gate-to-S-D isolation, and 
contact resistance should be considered when the process is 
implemented. There are two basic requirements that must 
be fulfilled in order to use the current process. First, gate 
sidewall oxides are necessary to prevent the formation of 
silicide shorts between the gates and the S-D's. Second, 
S-D junctions should be aimealed and driven in prior to 
silicide formation to obtain low junction leakage. 

Tables II and III sununarize some of the key results 
regarding the effect of silicide thickness on device parame- 
ters. Even. for 2000-A-thick siliddes, no adverse effects are 
seen on the junction leakage or S-D-to-gate isolation. For 
silicides thicker than those obtained with, the baseline 
process, however, GOI is compromised. Thus in the cur- 
rent process, GOI is the critical parameter which sets an 
upper limit on the silicide thickness. It is likely that the 
GOI degradation is due to stress in the silicide film. If 
thicker silicides were desired so that lower sheet resistances 
could be obtained, it would be a relatively simple matter to 
reduce the effect of silicide stress on the gate oxide by 
increasing the polysilicon layer thickness. 

Further refinements to the self-aligned titanium silicide 
technology — such as ion-beam mixing [16], [171 rapid 
thermal annealing [171-(19]— may improve the silicidfe uni- 
formity, allowing the sheet resistance to be extended to 
. below 1 fl/square. This TiSij technology, when merged 
with double-level metal, may delay the need for refractory 
metal gate technology, at 0.5 Q/square, to beyond the next 
generation of IC*s. The combination of double-level metal 
with 1 Q/square (or less) gale and S-D regions produces a 
very powerful technology that could impact high-perfor- 
mance CMOS products more rapidly than refractory metal 
gales. The self-aligned titanium silicide process also has the 
advantage that it is more compatible with today's MOS 
process technology. 
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Abstract 

A dee p- t renc hed capacitor technology 
is one of key processes for realizing 4Mb 
DRAM(l). Major subjects in this tech- 
nology are to form a precisely controlled 
shallow diffusion layer at vertical side 
walls and to grow high reliable thin gate 
oxide on the trenched Si surface. In 
this paper, arsenic doping from As doped 
SiOj (AsSG) filo into the vertical side 
walls and the rounding oxidation technique 
in O2 aobient including a few percent H2O, 
have been introduced. These techniques 
enable us to utilize the high-reliability 
trenched capacitors featuring large charge 
storage capability as well as low leakage 
current for 4Mb DRAM's. 



In t roduc t io n 

The oemory storage capacitance for 
DRAM's has been maintained to be sore than 
3SfF in order to keep soft error ioDunity 
and large S/N margin since 64iCb DRAM. 
According to the conventional scaling 
approach, the oxide thickness and capaci- 
tor area needed for 4 Mb DRAM can be 
estimated as about 5nin and 5um^, respec- 
tively. It would be quite difficult to 
thermally grow high reliable 5nm oxide in 
production environments. Instead of con- 
ventional plane capacitors, the use of 
trenched capacitors has attracted consid- 
erable attention (2,3), With the conven- 
tional ion Implantation technique, it is 
extremely difficult to precisely control 
the doping concentration at the surface of 
the vertical trench side walls. And, it 
is well known that thernally grown oxide 
becomes thinner both at top convex corners 
and at bottom concave corners of trenches 
in Si, yielding high oxide leakage cur- 
rents at these corners. Accordingly, 
major subjects in trench technology are to 
form precisely controlled shallow n**" dif- 
fusion layer at vertical side walls and to 
obtain thin gate oxide on the trenched Si 
surface with low leakage current and high 
reliability. In this paper, in order to 
solve these subjects, solid phase diffu- 



sion from AsSG filos and a technique to 
round the Si corner of the trench struc- 
ture are used. The behavior of doping 
impurities atoms during the sequent oxida- 
tion processes is also discussed. 



Device Fabrication 

The trench capacitor structures were 
fabricated after LOCOS isolation process. 
The present process sequence is listed in 
Table 1. Deep trenches of typical sizes 
of lum width and 3ub depth were etched 
using RIE technique, where CVD Si02 films 
were used as the etching mask. The 
trench surfaces were then slightly etched 
in order to eliminate damage near the Si 
surfaces(A). AsSG films, in which typi- 
cal As concentration is 8x10^'^ atoms/cm^, 
were deposited on the trench vertical and 
bottom Si surface. Then, the shallow n* 
layer was formed by solid phase diffusion 
from AsSG at lOOOC for 60min in N2 am- 
bient. The typical surface As concentra- 
tion in Si is 7x10^^ atoms/cm-^ after dif- 
fusion. The junction depth of 0,15u3 was 
obtained. After removing of AsSG films, 
the Si02 films of about SOnm thick were 
firstly grown and then stripped in diluted 
HF. This oxidation is performed in order 
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to round both the top convex and the bot- 
tom concave corners at the trenched Si 
edges. Thus it Is called the rounding 
oxidation. Secondly, the gate oxide was 
thermally grown in HjO diluted with argon 
at 900C. Poly Si films were filled into 
the trenches, which serves as capacitor 
e lectrodes . 



■) were calculated by best fitting techni- 
que before and after the argon annealing. 
In Fig. 3 are shown the arsenic redistribu- 
tions after arsenic di'ffasion from AsSG 
(a}« after rounding oxidation (b) and 
after gate oxidation (c)» These results 



Doping Technology 

Arsenic is chosen as n type dopant in 
order to obtain the shallow n"*" diffusion 
layers at the trenched surface. The 
diffusion depth of phosphorus is approxi- 
mately four times more than that of arse- 
nic. Tnis makes it difficult to use 
phosphorus as the dopant for the trench 
capacitor in 4Mb DRAM. Because the 
leakage currents between neighbouring 
trenches increases as the t renc h- t r e nc h 
distance is reduced below 2um, AsSG 
films are deposited by the simultaneous 
thermal decomposition of TEOS (tetra- 
e thoxy-silane)(5) and TEOA (tri-ethoxy- 
arsine) at a typical temperature of 700C 
in a standard LPCVD reactor. In the reac- 
tor, the TEOA decomposes to gas phase of 
As^O^ and other products. The vapour pres- 
sure of AS2O3 depends upon the temperature 
and TEOA gas flow rate. This AS7O3 gas 
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dissolves into SiOj films which is'con- 
tinuously decomposed and deposited from 
TEOS onto the Si surface. Here, the As 
concentration in SiOj is in equilibrium 
with the gas phase of AsjO^. Therefore, 
As concentration in the deposited AsSG 
films is independent of the AsSG deposi- 
tion rate. 

The surface concentration of As in Si 
was found to decrease during oxidation. 
The o u t - d i f f u s i o n rate of As is ouch 
higher than that of calculated results 
considering the oxidation enhanced diffu- 
sion in silicon (6), This phenomenon, 
which has not been reported so far, is 
caused by the enhanced diffusion of As in 
the thin oxide and the evaporation of As 
from the surface of the oxide. An 
example of arsenic out -diffusion during 
oxidation is shown inFig.I. Figure 
shows the dependence of (Di_(Si02) x 
on oxide thickness at foOOC, where 
D^g(Si02) and m are the diffusion coeffi- 
cient of As in Si02 and the segregation 
coefficient of As at SiOj/Si interface, 
respectively. These experiments were 
carried out as follows. The (100) ori- 
eiited Si wafers, having flat As profile of 
1.3x10 atoms/cm-', were used as starting 
substrates. First, these wafers were 
oxidized in dry Qj to form Si02 with 
thickness of 6 to I5nm, and then annealed 
in argon ambient at lOOOC. The arsenic 
distributions were determined by SIMS 
measurements. The values of (D^s<^^^2^ * 
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suggest chat the unde rscanding of this 
out*di f f us Ion phenofflenon is important in 
order to precisely control the n"*" layer 
thickness , 



Rounding Oxidation 

Oxide thinning at trench corners is 
understood as due to the conpressive in- 
trinsic stress occuring locally in the 
oxide film during growth. Oxide thinning 
effect is reduced at higher Ceoperatures 
because of the stress relief by viscous 
flow of oxide. High temperature oxida- 
tion, however, has to be avoided in order 
to suppress the diffusion of che dopant. 
Here, we discuss the effects of oxidation 
anbient and impurity concentration in the 
Si surface on the suppression of oxide 
thinning. We evaluated the effect by 

oeasuring the oxide leakage current of MOS 
capacitors with a large trench perimeter 
of about SOnm and gate area of O.lmm^ as 
shown in Fig. 4. The poly Si gate elec- 
trodes were biased positively (negatively) 
for n (p) type Si substrates. Since, the 
Si surface was in accumulation and the 
applied voltage appears across the oxide 
and oxide thinning at the convex (concave) 
corner edge can be evaluated by leakage 
current. 

First, Fig. 5 shows the relationship 
between the leakage current and par- 
tial pressure in O2 ambient during 
rounding oxidation at 950C. Decrease at 
the lover percentage region of can be 
attributed to the increase in viscous flow 
rate vhlch depends on the content in 
Si02i vhile the increase at higher per* 
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AutoBtated experinental apparatus 
setup. 




Fig. 5 

Relation between leakage currents 

and H^O partial pressure 

in rounding oxidation ambient. 
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centage region is due to the high oxida- 
*:on rate. Consequently, the rounding 
oxidation in ambient including a few 

percent of HtO increases the round radius 
cf the convex Si corner and yields the 
Invest oxide leakage current. On the 
next place, the effect of impurity concen- 
tration on the round oxidation has been 
investigated at 93 DC in dry Oj. The 
dependence of gate oxide leakage current 
en As concentration at Si surface is shown 
:.i Fig. 6. The oxide leakage current 
decreases with increase in the As concen- 
tration, 
ta in ed at 

to maintain the stored charge in meaory 
capacitor. The observed rounding effect 



The leakage current level ob- 
it 5x10^^ atoms/cm^ is low enough 



by oxidation is considered as follows: 
activation energy for the viscosity de- 
creases with the increase of the concen- 
tration of hydroxyl or other impurities 
which are effective in breaking Si-O-Si 
bonds . 

In Fig, 7, the time to reach 20 cumu- 
lative percent failure is plotted as a 
function of the average stress field. 
The comparison is aade for the 20nffl thick 
oxides with or without the rounding oxida- 
tion. The data for the oxide grown on 
plane surfaces are also shown. By using 
the rounding oxidation technique, the 
electrical acceleration factor in the time 
dependent dielectric breakdown measurement 
increases from 1.0 decades/ MV/cm to 1.5 
decades/ MV/cB which is equal to that of 
the plane oxide. It is concluded that 
the rounding oxidation is very effective 
to prevent the ticoe dependent dielectric 
breakdown degradation in thin oxides grown 
on the trench structures. 

Cone lusion 

We concluded that As do ing from LPCVD 
AsSG into the vertical trench side walls 
and the corner rounding oxidation prior to 
gate oxidation are most promising tech- 
nologies for the realization of 4 Mb DRAM 
with the deep-t ren-ched capacitors. These 
technologies give us thin gate oxide with 
the low leakage current and the high reli- 
ability. 
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